The specified hepatic endoderm (hepatoblasts), the bipotential progenitor for hepatocytes and bile duct epithelial cells, proliferates during the primordial stages of liver development. Despite extensive studies, the mechanism that regulates proliferation of bipotential hepatoblasts is not fully understood. Here we show that Id3, a negative regulator of helix-loop-helix transcription factors, is an important regulator of hepatoblast proliferation in the developing chick liver. Id3 was expressed in hepatoblasts at early developmental stages (stages 12-29) but not in hepatocytes at later developmental stages (stage 34 onwards). Depletion of Id3 in hepatoblasts by siRNA results in failure of cell proliferation, but is not associated with either cell death or failure of expression of Hhex and Fibrinogen, the earliest hepatoblast markers. These observations suggest that at early developmental stages, Id3 functions as a positive regulator of hepatoblast proliferation, independent of cell death or maintenance of the non-terminally differentiated state. Interestingly at later developmental stages, the expression pattern of Id3 is complementary to that of Albumin, a marker of mature hepatocytes. Overexpression of Id3 in liver explants delayed the initiation of Albumin expression. Taken together, our observations show that Id3 is not only a positive regulator of hepatoblast proliferation, but also an inhibitor of their differentiation into hepatocytes in the developing chick liver.
Introduction
During chick liver organogenesis, hepatic specification occurs in the ventral foregut endoderm (anterior intestinal portal: AIP) of stage 8-9 embryos (Hamburger and Hamilton, 1951) . Like the mouse hepatogenesis, this process seems to be brought about by inductive signals, such as fibroblast growth factors (FGFs) from the cardiac mesoderm and bone morphogenetic proteins (BMPs) from the septum transversum mesenchyme (Jung et al., 1999; Rossi et al., 2001) . At stage 12 (day 2), the specified hepatic endoderm (hepatoblasts) forms the hepatic diverticulum, which consists of a monolayer of hepatoblasts that subsequently extends along the ductus venosus during stages 15-18 (day 3). The proliferating hepatoblasts intermingle with peripheral mesenchymal cells to form the liver primordium around the ductus venosus at stages 20-22. In the liver primordium, there are many hepatic cellular cords that consist of hepatoblasts; further proliferation of the hepatoblasts results in a mature liver that consists of a number of lobes (Le Douarin, 1975) . During liver formation and maturation, the hepatoblasts differentiate into either hepatocytes or bile duct epithelial cells (Blouin et al., 1995) . In addition to the genes implicated in hepatic specification and differentiation (Duncan, 2003; Zaret, 2002) , a number of genes are implicated in the proliferation of hepatoblasts in the mouse embryo. These genes include the growth factor-related genes, HGF and c-met Schmidt et al., 1995; Uehara et al., 1995) the intracellular signal transducers, SEK1, and b-catenin (Nishina et al., 1999; Suksaweang et al., 2004; Watanabe et al., 2002) , and the transcriptional regulators, Hlx, Lhx2, Smad2/3, and Foxm1b (Hentsch et al., 1996; Krupczak-Hollis et al., 2004; Lints et al., 1996; Wandzioch et al., 2004; Weinstein et al., 2001) . However, the molecular mechanism that controls proliferation of hepatoblasts in the chick embryo is not fully understood.
Various hepatoblast-specific markers have been used as an aid to investigation of liver organogenesis. For example, the homeobox protein Hhex is an early hepatogenic specification factor and the earliest marker for the endoderm that will form the liver (Clifford et al., 2000; Duncan, 2003) . Recently, Yanai et al. (2005) showed that Fibrinogen is another useful early marker for detecting hepatic induction in chick liver development. Albumin, a characteristic marker of hepatic specification, can be first detected in the mouse embryonic ventral endoderm at the 7-8 somite stage and is expressed in hepatocytes at later stages (Cascio and Zaret, 1991) . In the chick embryo, however, Albumin is detected at stage 30, and therefore provides a useful late differentiation marker for showing maturation of the liver (Yanai et al., 2005) .
Helix-loop-helix transcription (HLH) factors are involved in some cell differentiation processes, such as myogenesis and neurogenesis in developing embryos (Massari and Murre, 2000) . Nearly, all HLH proteins possess a region of highly basic residues adjacent to the HLH domain, which is essential for DNA binding. Basic HLH (bHLH) proteins can be categorized into distinct classes on the basis of distributional and functional criteria. The widely expressed bHLH proteins, termed E proteins, include E2A, E2-2, and HEB (Jan and Jan, 1993; Jones, 2004) . The E2A gene, the founding member of this family, encodes two alternatively spliced products, E12 and E47. The tissue-specific class includes bHLH proteins with restricted expression patterns, for example MyoD in the myogenic lineage (Lassar et al., 1991) and Mash1 in neuronal tissue (Guillemot et al., 1993) . To date, however, there have been no reports of liver-specific bHLH proteins regulating hepatic differentiation.
Another subgroup of HLH proteins, termed inhibitors of differentiation (Id) proteins, lack a DNA-binding domain and can act as dominant-negative regulators of bHLH proteins (Benezra et al., 1990; Garrell and Modolell, 1990) . In addition to their ability to inhibit bHLH proteins, Id proteins have been implicated in the regulation of cell cycles, in cell proliferation, and in apoptosis of different cell types in mammalian in vitro cell line models (Norton, 2000; Tzeng, 2003) . However, the functional redundancy of the four members of the Id protein family (Id1-Id4) and their widespread, overlapping expression patterns (Jen et al., 1996; Jen et al., 1997) , has made it difficult to analyze their role using of a loss-of function approach. In particular, because of the overlapping expression patterns of Id1 and Id3 during embryogenesis, it was thought that Id1 and Id3 had redundant functions (Yokota, 2001) . Recent reports have shown that Xenopus Id3 is the only Id that is expressed in newly formed neural crest stem cells and that it mediates cell proliferation and survival rather than a cell fate switch (Kee and Bronner-Fraser, 2005; Light et al., 2005) . In addition, a previous study reported that in stage 12 chick embryos, Id3 is strongly expressed in the foregut endoderm of the AIP, where the hepatic endoderm is specified (Kee and Bronner-Fraser, 2001 ). These observations suggest that chick Id3 has essential roles in the regulation of hepatic progenitors in the developing chick liver.
In this report, we show that Id3 is the only Id that is strongly expressed in hepatoblasts during early developmental stages (stages 12-29) and that it is not expressed in hepatocytes. Experimental depletion of Id3 prevents hepatoblasts from proliferating and results in reduction of the size of the liver primordium. However, Id3 depletion does not result either in cell death or in failure of expression of Hhex and Fibrinogen, the earliest hepatoblast markers. In addition, at later developmental stages (stage 34 onward) the expression pattern of Albumin, a differentiation marker, is complementary to that of Id3. Overexpression of Id3 in liver explants resulted in a delay in the onset of Albumin expression. This is the first evidence showing the involvement of Id3, a negative regulator of bHLH proteins, in chick liver development. Although most other hepatoblast genes identified to date have been shown to be involved in hepatic specification or differentiation, we show here that Id3 regulates both proliferation and differentiation of hepatoblasts.
Results

Id3 is the only Id expressed in hepatoblasts during the early development of the chick liver
In preliminary experiments, we investigated the expression patterns of Id genes (Id1-4) in the hepatic endoderm of the early developing chick liver (stages 12-22) by whole mount in situ hybridization (WMISH) or RT-PCR. Using WMISH, a low level of Id1 expression was found in the liver primordia at stage 22; by RT-PCR, low levels of Id1 expression were detected at stages 17 and 22. RT-PCR analysis detected Id2 expression only in stage 22 liver primordia, although it could not be detected by WMISH. Id4 was not detected by either RT-PCR or WMISH. Only Id3 showed a pattern of strong and continuous expression in hepatoblasts during early developmental stages.
To determine the spatio-temporal expression pattern of Id3 in detail, we investigated embryos from stage 12 (day 2), in which the hepatic diverticulum arises, to stage 40 (day 14), in which final differentiation of bile duct epithelial cells is completed (Yanai et al., 2005) . At stage 12, Id3 was expressed in the hepatic endoderm of the AIP ( Fig. 1A ; arrowhead). At stages 16-18 (day 3), Id3 was expressed in the hepatic diverticula elongating along the ductus venosus ( Fig. 1B; arrows) . After stage 18, the hepatic diverticula proliferate radially around the ductus venosus, producing a liver primordium with hepatic cellular cords by stages 20-23 (day 4). Id3 was strongly expressed in hepatoblasts of the liver primordium (Fig. 1C, C 0 ). At stages 29 (day 6) and 34 (day 8), Id3 was still expressed in the hepatic parenchymal cells ( Fig. 1D ; asterisks, D 0 and E). However, at stages 36 (day 10) and 40, Id3 was not detected in the hepatic parenchymal cells; at stage 40 it was expressed at a very low level in the outer layer of hepatic epithelium ( Fig. 1F and G) . Because of the possibility of redundant functions of Id1 and Id3 (Yokota, 2001) , we sought to determine if the expression patterns of Id1 and Id3 overlapped. Interestingly, Id1 was expressed the hepatic sinusoidal cells and Id3 in the hepatoblasts of the liver primordium ( Fig. 1H and I) .
Taken together, our results demonstrate that during the early stages of development of the chick liver, Id3 was the only Id that was specifically expressed in hepatoblasts. As hepatoblasts are the progenitors for hepatocytes and bile duct epithelial cells, Id3 may have a critical role in the development of these hepatic progenitors. Moreover, because of the distinct expression patterns of Id3 and Id1, we suggest that these genes have specific roles and that one cannot compensate for the other in the chick liver primordium.
Id3 is required for hepatoblast proliferation
To investigate the role of Id3 in hepatoblasts, we downregulated endogenous Id3 using a cocktail of two oligonucleotide siRNAs (Id3-siRNAs) targeted to chick Id3 (cId3). First, to evaluate the effect of Id3-siRNAs in vitro we transfected COS7 cells with Id3-siRNAs and cId3-GFP. At 24 hrs and 48 hrs after transfection, depletion of cId3 was confirmed by monitoring the intensity of GFP fluorescence ( Fig. 2A) . The effect of the Id3-siRNAs lasted for 60 h (data not shown). Next, we used RT-PCR (see Section 4) to confirm that the Id3-siRNAs also downregulated cId3 in vivo (Fig. 2B ). These preliminary experiments indicated that the Id3-siRNAs could effectively inhibit expression of cId3 in vitro and in vivo.
Next, we investigated the effect of depleting Id3 in hepatoblasts during liver development. At 24 h after electroporation of Id3-siRNAs, the hepatic diverticula showed normal development (data not shown). At 44 h, however, the liver primordium was significantly smaller in treated embryos than in the controls (Fig. 2C , a and b; Supplemental Fig. 3 ). To investigate this atrophy in more detail, we carried out a histological analysis of liver primordia. In HE stained sections of control liver primordia, numerous hepatoblasts could be seen and these formed uniform hepatic cellular cords (Fig. 3A) . The numbers of hepatoblasts were severely reduced in the liver primordia of Id3-siRNA treated embryos and growth of the hepatic cellular cords was significantly impaired (Fig. 3B) . Moreover, these hepatic cellular cords aggregated near the ductus venosus but were not present beneath the hepatic mesothelium (Fig. 3B , opened box). In the normal development, the hepatic diverticula extend along the ductus venosus and subsequently spread out as hepatic cellular cords growing radially from the ductus venosus. We suggest that this phenotype might be caused by the inhibition of radial growth of hepatic cellular cords. Next, to investigate whether the decrease in the number of hepatoblasts was caused by failure of cell proliferation or by ectopic apoptosis, we identified proliferating cells using immunohistochemistry (PCNA immunopositive cells) and apoptotic cells using the TUNEL assay. In embryos treated with Id3-siRNAs, the number of PCNA-positive hepatoblasts in the liver primordia decreased ( Fig. 3D ; arrowhead) compared to controls ( Fig. 3C ; arrowhead). With regard to hepatic sinusoidal cells, the numbers of PCNA positive cells were the same in treated and control embryos (Figs. 3C and D; arrows) . We used these histological data to calculate a Mitotic Index (MI) and found that the MI of hepatoblasts of Id3-siRNAs treated embryos (n = 4) was reduced to 20% of the control value (Fig. 3G ). In the TUNEL analysis, apoptotic cells were not detected in liver primordia of controls or after Id3-siRNAs treatment ( Fig. 3E and F) . These results suggest that Id3 is required for hepatoblast proliferation to achieve formation of hepatic cellular cords in the liver primordium. However, Id3 was not required for the survival of the hepatoblasts during the early stages of liver development in the chick.
Id3 is not required to maintain the undifferentiated state of hepatoblasts
To determine whether Id3 depletion might affect the undifferentiated state of hepatoblasts, we investigated the expression of the chick hepatoblast markers Fibrinogen and Hhex (Yanai et al., 2005) in liver primordia after Id3-siRNAs treatment. At 24 h after electroporation of Id3-siRNAs, expression of the two marker genes was unaltered in the hepatic diverticula ( Fig. 4B and D; arrows) . At 44 h, the markers were still expressed ( Fig. 4I and K) and detailed examination of histological sections after ISH showed that they were expressed in the hepatoblasts (Fig. 4J and L) . To evaluate their expression quantitatively, we used semi-quantitative PCR analysis to compare expression levels of the hepatoblast markers Hhex, Fibrinogen, and HNF3b (Supplemental Fig. 1 ). We found no significant differences in the expression levels of the marker genes in the liver primordia of Id3-siRNAs treated and control explants. This is consistent with the outcome of the WMISH analysis described above. We also investigated expression of Albumin, a marker of hepatic differentiation, to determine whether the Id3-depletion in hepatoblasts might affect differentiation into hepatocytes. No expression of Albumin was detected in the liver primordia of Id3-siRNAs treated embryos (data not shown). This suggests that in the early stages of development of the chick liver, Id3 is not involved in the maintenance of the undifferentiated state of hepatoblasts.
Expression patterns of Id3 and Albumin in the developing chick liver
We have shown that Id3 is important for hepatoblast proliferation in liver primordia at early stages of development. However, Id3 expression was still present at later developmental stages, e.g., stage 34 ( Fig. 1) , when hepatocyte differentiation is first detected in the chick embryo (Yanai et al., 2005) . To investigate the involvement of Id3 in the generation of hepatocytes, we compared the expression patterns of Id3 and Albumin by semi-quantitative PCR analysis (Fig. 5A ). Id3 showed a high level of expression until stage 29, but was significantly downregulated by stage 34 and continued at a low level at later stages. Our WMISH analysis showed that Id3 was strongly expressed in the hepatoblasts until stage 29, but gradually decreased by stage 34 and had almost disappeared in hepatocytes at stage 36 (Fig. 1) . In contrast, semiquantitative PCR analysis showed that Albumin expression was rarely detected before stage 29, but thereafter it increased to a high level of expression that continued to later stages (Fig. 5A) . Since the high level expression of Id3 seemed to be replaced by that of Albumin around stage 34, we investigated the expression of these genes using adjacent sections of a stage 34 liver (Fig. 5B) . Interestingly, the Id3 and Albumin expression patterns were complementary to each other. Id3 was expressed in a ubiquitous fashion in the small liver lobe ( Fig. 5B, a; arrow), whereas Albumin was not expressed there ( Fig. 5B, b; arrow) . In contrast, in the large liver lobe, Albumin was expressed in the parenchymal cells adjacent to the hepatic central vein (Fig. 5B, b; arrowhead), whereas Id3 expression was weak at this location ( Fig. 5B, a; arrowhead) .
Our data show that the sites and levels of expression of Id3 and Albumin are complementary in the developing chick liver. We presume that at stage 34, which marks the beginning of the later developmental stages, Albumin expression is suppressed in the hepatoblasts where Id3 is strongly expressed. Possibly, Id3 expression is decreased by a signal(s) from near the central hepatic vein. The hepatoblasts might then gain the ability to express Albumin, resulting in their differentiation into hepatocytes. Our observations here provide the first evidence of a gene that shows an opposite expression pattern to that of the differentiation marker, Albumin. Moreover, we propose that Id3 may be the most suitable marker available for assessing the state of differentiation of hepatoblasts at the later stages of development of the chick liver.
Effect of Id3 on Albumin expression in explants of chick liver primordia
As described above, Id3 and Albumin expression patterns are complementary at the later stages of chick liver development. We next examined whether overexpression of Id3 in liver primordia explants affected Albumin expression. In control explants (GFP-pCAGGS transfected -see Section 4), Albumin was not expressed on day 1 of culture (n = 7, Fig. 6A ), but was expressed in some areas on day 2 (n = 6, Fig. 6C) , and was strongly expressed in the whole explant on day 3 (n = 5, Fig. 6E ). In contrast, Hhex (a hepatoblast marker) was expressed strongly until day 2 of culture but fell markedly on day 3 (data not shown). Our observations on gene expression patterns suggest that this organ culture system replicates the in vivo development of the chick liver. Overexpression of Id3 transiently suppressed expression of Albumin on day 2 of culture but by day 3 the explants expressed Albumin (n = 8, Fig. 6B ; n = 6, Fig. 6D ; n = 3, Fig. 6F ). We suggest that the reason for Albumin expression on day 3 of culture is that the Id3 expression vector was gradually depleted in the explants and the resulting low level of Id3 allowed Albumin expres- sion. Next, we performed BrdU labeling to examine whether Id3 overexpression promoted growth of the explants. We found that incorporation of BrdU was similar in control explants and those overexpressing Id3 (Supplemental Fig. 4) .
Our results show that an excess of Id3 prevented Albumin expression in the liver primordia explants. We propose that this mimics the situation in vivo, that is, at later stages of chick liver development, a decrease in Id3 expression is correlated with the onset of Albumin expression in hepatoblasts located near the central hepatic vein.
Discussion
Recently, it was reported that Id3 is essential for cell cycle progression and survival of Xenopus neural crest progenitors, but does not have a role in cell fate decisions (Kee and Bronner-Fraser, 2005; Light et al., 2005) . Our findings here also show that Id3 is the only Id that is expressed in hepatoblasts and is required for proliferation, and that Id3 is not involved in the maintenance of the undifferentiated state of hepatoblasts at early developmental stages in the chick liver.
Id3 is the only Id expressed in hepatoblasts and is required for hepatoblast proliferation at early stages of chick liver development
After hepatic specification occurs in the chick embryo, hepatoblasts invaginate and form the hepatic diverticula during stages 12-14. After stage 15, the hepatic diverticula extend anteriorly by hepatoblast migration (Tatsumi, in preparation). After stage 18, the hepatoblasts undergo radial growth that is essential for the formation of hepatic cellular cords in the liver primordium. Although oligo-siRNAs are effective as soon as they are electroporated into the target cells (pers. comm.), the reduction in liver primordia after Id3 knockdown was observed at stage 21 but not at stage 17. These results suggest that the radial growth of the hepatoblasts could be attributed to an Id3-dependent pathway and that the extension of the hepatic diverticula is independent of the Id3 pathway.
Basic helix-loop-helix (bHLH) transcription factors are classified into several subgroups. The first class, termed E proteins, includes nearly all of the widely expressed bHLH proteins that can bind DNA. This class is exemplified by the E2A gene, the founding member of this class, which encodes two alternatively spliced products, E12 and E47. The second class includes bHLH proteins with restricted patterns of expression, for example MyoD in the myogenic lineage (Lassar et al., 1991) and Mash1 in neuronal tissue (Guillemot et al., 1993) . These bHLH factors are respectively involved in myogenic and neurogenic differentiation (Massari and Murre, 2000) . In the liver, however, no liver-specific bHLH factors that are essential for hepatic differentiation have been identified to date. A third subgroup is the Id (inhibitors of differentiation) 1-4 family of HLH transcription factors. Id does not possess a basic DNA-binding domain and functions as a dominant-negative regulator of DNA-binding bHLH proteins (Benezra et al., 1990; Garrell and Modolell, 1990) . The Id genes play key roles in the regulation of lineage commitment, cell fate decisions and in the timing of differentiation. In addition, Id genes are essential for cell cycle progression in some cell lines, acting as positive regulators of cell proliferation (Norton, 2000; Norton et al., 1998; Tzeng, 2003) . In the present study, we identified a novel function of Id3 in hepatoblast proliferation; our results suggested a requirement for HLH regulation, including Id3, in chick liver development. Recently, cDNA microarray analyses showed that Id2 and Id3 were present in the first phase of gene expression after partial hepatectomy of mouse liver (Togo et al., 2004) , suggesting that Id genes may be also necessary for mouse liver development.
The overlapping expression patterns of Id1 and Id3 led to the belief that they had redundant functions (Yokota, 2001) . However, our findings here show only Id3 was expressed in hepatoblasts, and that Id1 was expressed in hepatic sinusoidal cells of the liver primordia, suggesting that Id3 may have a specific role in hepatoblasts and that Id3 expression was relatively ubiquitous in the small liver lobe (a; arrow), whereas Albumin was not expressed there (b; arrow). In the large liver lobe, Albumin was expressed in the cells located adjacent to the hepatic central vein (b; arrowhead), whereas Id3 expression was weak there (a; arrowhead). Scale bars, 0.5 mm. Fig. 6 . Effect of Id3 on Albumin expression in the explants of chick liver primordia. Albumin expression in the control (GFP-pCAGGS transfected: A, C, and E) and cId3-pCAGGS transfected (B, D, and F) explants of liver primordia. The expression vectors were transfected into the hepatic endoderm of AIP of stage 12 chick embryos. The whole embryos were then cultured until stage 21-22. The liver primordia were harvested and cultured for a further 1-3 days on a filter (see Section 4). In this culture system, the control explants started Albumin expression on day 2 of culture (C) and showed strong Albumin expression on day 3 (E). Explants transfected with cId3-pCAGGS showed delayed initiation of Albumin expression compared to the control explants. The site of electroporation is indicated by GFP in the inserted box. Scale bars, 0.3 mm.
Id1 cannot compensate for this function during chick liver development.
With regard to cell cycle regulation, Id3 has been demonstrated in murine fibroblasts to interact with HLH proteins, mainly of the E2A protein family (Loveys et al., 1996) . Moreover, it has been shown that E47 and E12, which are alternative splice products of the E2A gene, preferentially associate in vitro and in vivo with Id3 rather than other Id genes (Deed et al., 1996; Deed et al., 1998) . We confirmed that E47 was expressed weakly in the early developing liver (data not shown). Overexpression of E47 is known to lead to cell cycle arrest at the G1 phase (Peverali et al., 1994) . We confirmed that E47 was weakly expressed in the early developing liver and found that the expression of a CDK inhibitor protein, p27, was increased in the liver primodia treated with Id3-siRNAs (data not shown). This suggests that the inhibition of hepatoblast proliferation by depletion of Id3 is caused by an increase in the level of non-Id3 bound E47. Unbound E47 may then interact with another putative bHLH transcriptional activator to induce the expression of CDK inhibitors such as p27.
BMPs and FGFs may be involved in the induction of Id3 in hepatoblasts
To achieve a full understanding of Id3 function, it is important to know which signal(s) is involved in Id3 induction. Id3 has been shown to be directly induced by BMP2/4 in ES cell lines (Hollnagel et al., 1999) and by the ERK MAPK cascade in immature thymocytes (Bain et al., 2001 ). The latter is the principal pathway downstream of tyrosine kinase receptors, such as FGFs and EGFs. We also confirmed that BMP2 and FGFR1, FGFR3, and FGFR4 are expressed in hepatoblasts of chick liver primordia and showed that overexpression of the constitutively active form of BMP receptor (c.a.ALK6) or active MEK in the hepatic endoderm increased Id3 expression (Supplemental Fig. 2 ). Although these preliminary data do not reveal which factor is the direct Id3 inducer, it is likely that the positive regulation of Id3 expression by BMPs and/or FGFs found in other cell types is also present in chick hepatoblasts.
Id3 is indirectly involved in the differentiation of hepatoblasts in the later stages
At later developmental stages (stage 34 onwards), Albumin can be used as a differentiation marker for showing the maturation of the chick liver (Yanai et al., 2005) . In this study, we found that the overexpression of Id3 delayed the onset of Albumin expression in vitro (Fig. 6) . However, at early developmental stages, hepatoblasts of liver primordia in which Id3 was depleted using siRNAs did not show ectopic Albumin expression (data not shown). There are two possible explanations for this apparent inconsistency in the function of Id3. First, Id3 does not directly inhibit Albumin transcription but acts indirectly by interacting with an unknown bHLH transcriptional activator(s) that is required for the induction of Albumin. This possible explanation is supported by the observation that in haemopoietic, neurogenic and myogenic cell lineages, Id proteins physically bind with E-box-binding bHLH transcriptional activators to form the Id-bHLH heterodimers. Therefore, Id3 might indirectly regulate the transcription of Albumin via a secondary transcriptional regulator. The other explanation is that the transcription of Albumin might depend on the signaling cascade(s) parallel to the Id3-bHLH dependent pathway. It will be crucial to identify the protein that binds directly with Id3 in order to clarify which model is correct.
On the other hand, we could not demonstrate a significant increase in the numbers of proliferating cells in cultured liver primordia after overexpression of Id3. It seems conceivable that an expression level of the exogenous Id3 would be insufficient for promoting proliferation. Possibly, the threshold of Id3 expression level that allows hepatoblasts to proliferate or differentiate might be different.
Our present results suggest the following model to explain how Id3 functions in later stages of chick liver development. We propose that Id3 has an indirect role as negative regulator of Albumin expression in hepatoblasts. At the appropriate time for differentiation, marked by a decrease in Id3 expression levels and/or the receipt of a differentiation stimulus from tissues close to the hepatic central vein, the hepatoblasts begin to differentiate into hepatocytes.
In summary, our findings provide the first evidence that a member of the HLH family, Id3, is involved in chick liver development. During early developmental stages, Id3 is expressed in hepatoblasts and promotes proliferation to increase cell mass without affecting the maintenance of the undifferentiated state. At later stages, Id3 functions as a negative regulator of Albumin expression until the time when the hepatoblasts can respond to signals that progress differentiation. Id3 appears to display similar functions in Xenopus neural crest cells to those found here (Kee and Bronner-Fraser, 2005; Light et al., 2005) . Thus, the ability of Id3 to promote progenitor cell proliferation might be conserved among several developmental processes. There is no convincing genetic evidence indicating that Id proteins target proteins other than members of the bHLH family in lymphocytes (Murre, 2005) . Therefore, it will provide an important insight into our understanding of liver development to identify the bHLH proteins that directly bind Id3 in the developing liver.
Experimental procedures
In situ hybridization and semi-quantitative PCR
RNA was isolated from the hepatic primordia or the liver of embryos at stages 17, 22, 29, 34, 36 , and 40 using TRIzol and used to synthesize cDNA. The following primers were used: chick GAPDH, forward 5 0 -ACG CCA TCA CTA TCT TCC AG-3 0 , reverse 5 0 -CAG CCT TCA CTA CCC TCT TG-3 0 ; cId3, forward 5 0 -GCG GCT GAG TTG GCC TCC GGG CTG-3 0 , reverse, 5 0 -CGG GTT GGA AAA AAT AAG AAG TCC-3 0 . Albumin, Hhex, and Fibrinogen were amplified as described previously (Yanai et al., 2005) . Whole-mount in situ hybridization and in situ hybridization on cryosections were performed as described previously (Yokouchi et al., 1995; Yokouchi et al., 1999) . Quantitative PCR was performed using the SYBR green method (MJ Research). To compare experiments by semiquantitative PCR, GAPDH expression of each developing liver was set at 1.0 and cId3 or Albumin expression were determined relative to GAPDH. For quantification of PCR bands documenting altered levels of expression in the developing liver, NIH Image 1.63f software was used.
siRNA preparation
Two sets of 19 nucleotide oligo-siRNAs were synthesized by B-Bridge International, Inc. (Dhamacon CA, USA) and used as a cocktail. These oligo-siRNAs sequences target the coding regions, 392-410 (#224) and 521-539 (#353) of the chick Id3 gene (Accession No. AY040528). As a negative control, the commercially available control siRNA (Non-specific Control Duplex IX; B-Bridge International, Inc.) was used. Prior to use, siRNAs were annealed by incubating 20 lM of single strands in annealing buffer (40 mM potassium acetate, 1 mM magnesium acetate, 12 mM HEPES pH 7.3-7.6) for 1 min at 90°C followed by 1 h at 37°C.
Plasmid construction 4.3.1. chick Id3-pEGFP
The coding region of the chick Id3 gene (cId3; Accession No. AY040528) was amplified from cDNA from the liver primordia of stage 22 chick embryos using the forward primer 5 0 -TGC CAT GGA AGC CAT CAG CCC GGT G-3 0 and the reverse primer 5 0 -GGA ATT CTT AGT GAC ACA AAC TTC TCT CG-3 0 . DNA sequencing of the PCR product was carried out using the ABI 310 automated DNA sequencer (PE Applied Biosystems Inc., Foster City, CA) to confirm that no mutations were present. The PCR product was digested with EcoRI, and ligated into an EcoRI site on the vector pEGFP-C1 (BD Biosciences Clontech, Palo Alto, CA). The resulting expression vector, cId3-pEGFPC1, contains an in-frame fusion of cId3 to the carboxyl terminus of green fluorescent protein under the control of the human cytomegalovirus promoter. The nucleotide sequence of the insert was determined with an ABI 310 automated DNA sequencer to confirm proper orientation and insertion into the EGFP reading frame.
cId3-pCAGGS
The coding region of the cId3 gene described above was digested with NcoI and EcoRI and ligated into a Slax21 vector cut with NcoI and EcoRI. From the resulting vector (cId3-Slax21), cId3 was isolated by digestion with XbaI and EcoRI, blunted and ligated into the pCAGGS expression vector. DNA sequencing was used to confirm the nucleotide sequence of each clone and the absence of nucleotide mutations.
Immunohistochemistry
For immunohistochemical staining of proliferating cell nuclear antigen (PCNA), paraffin sections were deparaffinized, rehydrated and immersed in 0.3% H 2 O 2 . Sections were preincubated with normal goat serum and then incubated with mouse anti-PCNA monoclonal antibody (1/400 dilution with PBS; DakoCytomation, Carpinteria, CA) for 18 h at 4°C. Subsequently, the sections were incubated with HRP-conjugated goat anti-mouse IgG antibody and immunoreactivity was visualized by DAB. Sections were dehydrated, mounted with Eukitt (Kindler, Freiburg, Germany). For histological analysis, sections were stained with hematoxylin and eosin following standard procedures. To visualize apoptotic cells, cryosections prepared from each embryo were stained by the TUNEL method using an ApopTag kit (Chemicon, CA, USA) according to the manufacturer's protocol.
5-Bromo-2
0 -deoxyuridine (BrdU) labeling
After two or three days in culture, explants grown on the filter were pulse-labeled with BrdU following the manufacturer's protocol (BrdU Labeling and Detectoin Kit I, Roche). Briefly, cultures were incubated with BrdU for two hours and washed three times with PBS. Explants were then fixed and BrdU was detected using an anti-BrdU antibody.
Cell culture and transfections
COS7 cells were maintained in DMEM (Gibco Invitrogen Corp., Carlsbad, CA, USA) supplemented with 10% FBS (Gibco Invitrogen Corp.), 100 U/ml penicillin and 100 lg/ml streptomycin. Co-transfection of target plasmids (cId3-GFP) and siRNAs was carried out with PolyFect Transfection Reagent (QIAGEN GmbH, Germany) following the manufacturer's protocol. To assess the efficiency of the siRNAs on cId3-GFP expression in COS7 cells, the intensity of green fluorescence was assessed at 24, 48, and 60 h post transfection.
Ex ovo electroporation and culture of whole chick embryos
Chick embryos were cultured using a modification of the method described by Flamme (1987) . In brief, eggs were incubated for 44 h; the eggshell of each egg was disinfected with ethanol and the yolk placed in a dish in such a way that embryo was lying on top. A ring of filter paper was placed with the embryo lying at its center. The filter paper immediately sticks to the vitelline membrane and the blastoderm allowing a ring of filter paper with the vitelline membrane and blastoderm to be excised using scissors. The electroporation was performed using an Electroporator CUY21 (Tokiwa Science). The ring of paper with the blastoderm was detached from the yolk and placed on an anode and a cathode was placed on the AIP on the ventral side of the embryo. The following electroporation condition were used: voltage 6 V; and 4 pulses of 25 ms duration with a rest phase of 100 ms after each pulse. In all experiments, the final concentration of plasmid was adjusted to 5.0 mg/ml, and that of GFP-pCAGGS to 1.0 mg/ml. After electroporation, the ring of paper with the blastoderm was transferred to the culture medium and incubated for two days at 37°C. The culture medium was a 2:1 mixture of yolk and albumin. All the instruments employed in embryo manipulation and electroporation were sterilized before use. Embryos were harvested at stages 21-22 for gene expression analysis. For whole mount in situ hybridization, the embryos were fixed in 4% paraformaldehyde/PBS pH7.4 and dehydrated to 100% methanol. For histological analysis, embryos were fixed overnight with 4% paraformaldehyde/PBS pH7.4 at 4°C, and embedded in OCT compound and either stored at À80°C until use, or dehydrated and embedded in paraffin.
Enforced Id3 expression in cultured of chick liver primordia explants
Liver primordia were harvested from explants that had been electroporated with cId3-pCAGGS and GFP-pCAGGS (for monitoring) at the AIP at stage 12 and ex ovo cultured for 2 days until stage 21-22. Each of the liver primordia explants was placed on Nuclepore filters (8 lm pore size; Costar Corporation, Cambridge, MA, USA) and cultured at the boundary between air and medium on a small stainless steel grid (Takeda et al., 2002) . The culture medium was a mixture of DMEM and embryonic extract prepared from 13 day embryos (1:1) (Takiguchi et al., 1988) . The explants were cultured for 1-3 days at 37°C in 5% CO 2 .
Statistical analysis
The data were obtained from a minimum of three different experiments. ANOVA with Fisher's least significant differences test was used for comparison between the morphometrical data using the StatView IV program. Differences at a probability of p < 0.05 were considered significant. All data are shown as means ± SE. 
